evaluated as sedation monitors for critically ill patients. The bispectral index (BIS) correlates with clinical sedation state, but does not discriminate well between different levels of sedation and is not widely used in ICUs. 11 15 We recently evaluated Entropy TM and found similarly poor discrimination. 16 Existing literature examining BIS, and our previous findings with Entropy, suggest that frontal EMG (fEMG) activity is a major confounder for these algorithms due to the frequent arousals that are typical in ICU patients, and the overlap in frequency bands between the EEG and fEMG components of the spectrum. 17 -19 We hypothesized that an algorithm based on the responsiveness of the fEMG might be a clinically useful method of assessing sedation in critically ill patients. We thought fEMG responsiveness may be useful because it reflects the interaction between a patient's conscious state and the intensity and frequency of stimulations during treatment. In this study, we used raw data from a study of Entropy in general ICU patients 16 to derive a new algorithm, the responsiveness index (RI), and then prospectively assessed its validity in sedated patients regaining consciousness after routine cardiac surgery. We assessed the validity and potential clinical utility of the new measure as a method of continuously monitoring sedation state in critically ill patients.
We also compared RI with Entropy to establish whether the new algorithm performed better.
Methods
We undertook a two-stage development and evaluation process. First, the new algorithm was developed using an existing high-quality clinical data set using raw data from a previously published evaluation of Entropy as a sedation measure in general mixed ICU patients. 16 Secondly, a data set was prospectively collected in patients recovering after routine cardiac surgery. We chose cardiac surgery patients because we aimed to study patients progressing from deep sedation (on arrival in the cardiac ICU) to full consciousness over a short timescale. This would enable an assessment of the RI over a wide range of clinical sedation states within patients and test the ability of the index to discriminate between different sedation states. We also wanted to exclude the potential confounding effects of encephalopathies from this cohort.
RI algorithm
The RI algorithm has been derived to represent fEMG responses in relation to both external (lights, noise, care procedures) and internal (pain, anxiety) stimuli. A value of 0 is intended to indicate a completely non-responsive patient, while a value of 100 is intended to indicate a fully responsive patient. As the amount of external stimulation during intensive care management varies over time with an unpredictable pattern, and the nature, intensity, and source of stimulation also vary, the RI value is intended to be a dynamic indication of the interaction between the current level of stimulation, the sedation and analgesic state of the patient, and incorporate illness-related factors such as encephalopathy that could modify the relation between stimulation and response in individual patients. The RI algorithm calculates the root mean square (RMS) power from the fEMG in 5 s epochs utilizing the frequency band 50-150 Hz. The mains frequencies and multiples are removed from the signal data with a 10 Hz comb filter. The power value time series is subjected to a morphological filter F1, which extracts the steep increases related to patient responses from the signal. The filter is implemented as an FIR filter with a step-shaped impulse response. For constant fEMG activity, the filter output is zero regardless of the baseline level. The length of the filter is eight samples corresponding to 40 s in the fEMG power time series. If the filtered power value at time point t is denoted by P F (t), the RI value at time t is written as:
where S is a scaling function, g the weighting function and D the number of P F values included in the summation. Hence, the RI is a weighted average of the logarithm of the P F values added to 1 mV in the given time window. The addition of 1 mV is introduced to set the minimum value of the logarithm function to zero. The purpose of the weighting function g is to operate as a low-pass filter and to give more weight to recent fEMG changes compared with those occurring further from the time of assessment. The value of D was set at 720 samples (corresponding to 60 min).
The value of D, the length of filter F1, and the shape of the weighting function g were determined by a heuristic and iterative analysis of ICU patient data. The purpose of the scaling function S is to scale the RI values to range between 0 and 100 and to enhance the resolution in the lower RI range (RI,50).
At least 30 min of data are required to obtain a reliable RI value. The RI value is updated after 5 s of new data have been recorded, and monitoring is intended to be continuous. Under these circumstances, the value presented is an index of responsiveness over the previous 60 min, with weighting to the more recent period of monitoring.
Derivation cohort
We used an iterative approach to derive the RI using data from a cohort of 30 general intensive care patients in whom we had previously compared Entropy with clinical sedation status. 16 This cohort of patients was studied during routine intensive care management, resulting in a distribution of clinical sedation states within each patient that was sometimes variable (e.g. in patients who were awakened and weaned from ventilation), but sometimes narrow (e.g. deep sedation throughout the study period). Briefly, 30 patients admitted to a general mixed medical-surgical intensive care unit were studied for up to 72 h. Inclusion criteria were a requirement for mechanical ventilation, sedation using continuous infusions of either midazolam or propofol and concomitant analgesic drugs if clinically indicated. Exclusion criteria were (i) a patient in whom brain injury, namely hypoxic brain injury, traumatic brain injury, and intracranial haemorrhage, was considered present at the time of enrolment to the study, (ii) drug overdose as admission diagnosis, (iii) a patient requiring neuromuscular paralysis at the time of screening for the study, or (iv) status epilepticus. We also excluded patients known to be clinically deaf or who had chronic neuromuscular disorders or brain disease that might interfere with normal clinical sedation assessment. Patients had a mean age of 59 yr (SD 17) and 73% were male. They were studied after a median 88 h after ICU admission (range 2-300 h). Primary diagnosis at ICU admission was pneumonia (7), bowel perforation or infarction (6), major vascular surgery (4), septic shock (3), trauma (3), pancreatitis (2), gastrointestinal bleeding (2), liver transplant (1), cardiac failure (1), and fulminant hepatic failure (1) . Raw EMG data were used to develop the RI algorithm using an iterative process comparing algorithm output with sedation state classified according to the Ramsay scale to progressively improve its discriminatory performance.
Cardiac surgery cohort
We studied a convenience sample of 15 patients after routine cardiac surgery. Any patient undergoing elective cardiac surgery requiring cardiopulmonary bypass was considered eligible unless they were clinically deaf or had neuromuscular disorders or brain disease that might interfere with normal clinical sedation assessment. Patients were studied from the time of return to the ICU from the operating theatre until one of the predefined endpoints was reached (see below).
Study design and protocol
A standard disposable GE Healthcare Entropy sensor (GE Healthcare, Helsinki, Finland) was applied to the forehead symmetrically relative to the midline. This position was modified from the recommended unilateral position for Entropy monitoring in order to acquire bilateral fEMG data. Each sensor comprised a strip that includes one electrode each for the left and right hemisphere, and one central ground electrode. Sensors were changed every 24 h. The monitor performed an automatic impedance test every 10 min to ensure electrical contact fidelity. Periods of poor electrode contact (impedance .5 kV) were rejected from the analyses. Once data recording had started, it continued until one of the following endpoints was reached: (i) patient regained consciousness and mechanical ventilation was discontinued; (ii) 72 h had elapsed; (iii) the patient or a relative requested discontinuation of the monitoring, withdrawal from the study, or both; (4) the patient died.
Observations and management of patients during the protocol
Patients received routine clinical management throughout the study period determined by caring clinicians. Most patients were sedated with propofol as the first-choice sedative; some patients received midazolam. Sedatives were administered by continuous infusion with additional boluses as considered clinically appropriate. Analgesia was provided with alfentanil or morphine infusions. The choice of sedative and analgesic drugs, and the doses prescribed, was determined by medical and nursing staff and was not controlled for the purpose of the study. A single trained observer independent from the clinical team performed and recorded sedation scores up to every 30 min using a modified Ramsay scoring system (Table 1) . For the derivation cohort, all observations were performed by a single researcher who was a trained ICU nurse not involved in the patient's care or sedation decisions. For the cardiac surgery cohort observations, two different research nurses performed the studies, but each study was performed by a single observer. The published Ramsay scoring system was modified slightly to increase the standardization of the stimuli, specifically by including a tetanic stimulus at deep sedation levels. In the derivation data set, the number of observations used depended on the availability of the single trained observer; we did not use data recorded by clinical staff in order to minimize inter-rater variability. In the cardiac surgery validation cohort, the vocal stimulus was further standardized by using headphones and a recorded voice instructing the patient to 'open your eyes'. The observer also recorded any significant clinical events throughout the study period. RI was calculated off-line after completing the study and the clinical team were blinded from indexes during observations. A laptop-based notation file was used to record all events during periods of observation.
Both studies were approved by the National ethics committee dealing with incapacitated patients (MREC/03/0/62). 
Analysis

Assessment of criterion validity
We chose assessments of clinical sedation state using the modified Ramsay score performed by trained members of the research team as the reference standard. Each Ramsay No response to tetanic stimulus score was compared with the RI value 1 min before the assessment. We recognized a priori that this was not an ideal reference standard for two reasons: first, the Ramsay score is a measure of sedation state at a single time point rather than over 60 min of care; secondly, RI is intended to assess responses to all stimuli above the existing background level of stimulation over time, whereas the Ramsay score assesses patient responses to defined stimuli at the time of testing. However, we used this approach because clinical sedation scores are the current standard recommended in guidelines and better reference standards are not available. As a measure of the criterion validity of RI, we examined the correlation between RI and the clinical sedation scores made using the Ramsay scale. We calculated the distribution of RI values corresponding to each modified Ramsay level and presented the results graphically by box-and-whisker plots. Performance of the RI for indicating the depth of sedation as given by the Ramsay score was tested with two statistical approaches. First, we hypothesized that RI should decrease progressively as the Ramsay score increased, but potentially in a non-linear manner. We therefore used a non-parametric rank correlation test (Spearman) to evaluate the strength of the relationship between progressive changes in sedation state and RI. Secondly, the prediction probability, P K , which is a variant of Kim's measure of association, was calculated to assess the ability of RI to distinguish different sedation states measured with the Ramsay score. All prediction probabilities and their standard errors were estimated with the jackknife method as described by Smith and colleagues. 20 With this approach, a P K value of 0.5 indicates no predictive ability compared with the reference (in this case, clinical sedation level), and a P K value of 1 indicates perfect prediction. The calculations were performed with the Matlab software (The Mathworks, Natick, MA, USA). We calculated P K values for the ability of RI to distinguish each Ramsay score category from the other categories, treating all the Ramsay assessment as independent observations since the time gap between successive assessments was at least 30 min. The statistical significance of whether the P K values differ from 0.5 (no predictive power) was tested with the t-test as recommended by Smith and colleagues. 20 In all tests, the significance level was set at P,0.05.
As we were particularly interested in the ability of the RI to distinguish 'lighter' sedation ranges from 'deeper' sedation states, we also calculated the P K value for RI for discriminating patients in the Ramsay range 1-3 from those in the Ramsay range 4-6, and for the Ramsay range 1-4 from those in the Ramsay range 5-6. We calculated P K for the derivation general ICU group and for the prospectively collected cardiac surgery group. When used to distinguish two groups, P K is equal to the area-under-the-curve of the receiver operating characteristic, and thus summarizes the sensitivity and specificity.
As there was a potential bias from summing repeated measures within individual patients on the overall statistical estimates, we also analysed the individual patient data in the cohorts. We compared mean RI values when the Ramsay score was recorded as 5/6 with those when it was recorded as ≥4 within each patient. To minimize the effect of very small numbers of observations within each patient, we only calculated a mean value when at least three observations of Ramsay 5/6 or ≥4 were recorded. We described the median (first, third quartiles) for these mean values for each of the patient cohorts.
We also explored the possible importance of encephalopathy using a retrospective analysis. All patient charts for the general ICU cohort were examined focusing on patient status when sedation was reduced. A single clinician (T.S.W.), who was blinded to the responsiveness data, classified patients as 'high' vs 'low' probability of encephalopathy based on conscious level and the presence of agitation, confusion, or both when patients were assessed without or with minimal sedation. P K values were compared for the 'high' vs 'low' probability groups.
Overall summary values were also compared with the performance of Entropy TM (state entropy, SE; and response entropy, RE) using box-and-whisker plots, because our aim was to derive a parameter that had superior performance to these algorithms.
Assessment of face validity
We plotted continuous RI data and compared it with intermittent sedation scores and our annotation files. The ability of the index to adequately describe patient sedation status over time, with reference to changing intermittent clinical sedation score, was evaluated visually by the two clinicians (T.S.W. and P.R.). We also examined box-and-whisker plots relating clinical sedation state to RI for each patient within individual cases.
Results
Patient characteristics
Derivation cohort
Characteristics for the 30 general intensive care patients have been reported previously for the Entropy evaluation. 16 Data analyses were based on 487 single trained observer sedation assessment performed during a total of 1200 h of EEG/EMG monitoring. Of these, 57 were rejected from the analysis due to poor electrode contact at the time of the assessment, and 64 were rejected because too little data (,30 min) were recorded at the time of the assessment to obtain a reliable RI value. A total of 366 assessments were used to derive the initial RI algorithm. The number of observations made across Ramsay scores 1-6 was 5, 82, 140, 17, 104, and 18, respectively.
Cardiac surgery cohort
The mean (range) age of the cardiac surgery patients was 62 (25 -82) yr. All patients regained consciousness during the data collection period and were successfully extubated. The median duration of monitoring was 7.3 (5.7, 8.1; 4.1-9.0) (first, third quartile; range) h. Data analyses were based on 96 trained observer sedation score assessments performed during a total of 54. 
Criterion validity
Pooled values for RI (and Entropy as a comparator) in relation to the Ramsay score for the general ICU patients (derivation cohort) and the post-cardiac surgery patients are shown in Figures 1 and 2 . The rank correlation coefficient (r) between the Ramsay score and RI was 0.55 (P,0.0001) in the derivation cohort, but was significantly better for the cohort of post-cardiac surgery patients who tended to progress from deep sedation to the awake state (r¼0.85; P,0.0001). The mean P K (SEM) value for discriminating each sedation level from all other levels was 0.74 (0.02) in the derivation cohort and was significantly better for the cardiac surgery cohort [0.92 (0.02)]. The data indicated that RI had predictive power in the derivation cohort [value .0.5, t-test (P,0.00001)], but this was significantly better for patients studied in the cardiac surgery cohort who consistently progressed from deep sedation to the awake state (t-test P,0.00001). Visual inspection of the box-and-whisker plot data from the validation cohort suggested that RI performed particularly well in Ramsay 4-6 categories, with no inappropriately high values, unlike Entropy for which this remained problematic (Fig. 2) .
The mean (SEM) P K values for distinguishing Ramsay scores of 1-3 from 4 -6 and Ramsay scores of 1-4 from 5-6 for the derivation and cardiac surgery cohorts are shown in Table 2 . These data suggested that the RI had useful discriminative value between 'lighter' and 'deeper' clinical sedation states, which was particularly strong in the post-cardiac surgery validation cohort that progressed from 'deeper' to 'lighter' sedation during the observation period.
Examination of individual patient data showed variability between patients. In the derivation cohort of general ICU patients, the mean RI values for Ramsay 5/6 were generally lower than those when the Ramsay score was ≥4 [median (first, third quartile) mean value 25 (7, 39) vs 69 (41, 87) for Ramsay 5/6 vs ≥4]. This difference was also more marked in the cardiac surgery cohort [1 (0, 3) vs 44 (42, 61) for Ramsay 5/6 vs ≥4].
Using data from patient charts, 17 patients were judged as 'low' probability of encephalopathy and 13 as 'high' probability. The P K value for distinguishing Ramsay 1-4 from 5-6 was 0.90 (SEM 0.02) for patients judged as 'low' probability of encephalopathy and 0.70 (0.04) for patients judged as 'high' probability of encephalopathy, suggesting that responsiveness may discriminate clinical sedation states less well in encephalopathic patients.
Comparing RI with Entropy for the pooled patient data, RI had slightly better discriminatory power compared with SE and RE in the general cohort and markedly better discriminatory power in the cardiac surgery cohort (Table 2 , P,0.0001).
Face validity
Visual inspection of the majority of continuous plots of the RI over time showed good face validity against the Ramsay scores recorded and clinical annotation notes. This was particularly evident for the cardiac surgery patients who progressed from deeper sedation states to full consciousness during the period of data recording. Examples of different clinical situations are shown in Figure 3 .
Discussion
We have shown that responsiveness of the frontal EMG is a potentially useful method for continuously monitoring the sedation state of critically ill patients. The RI had excellent performance in a prospective cohort of patients regaining consciousness after cardiac surgery when compared with clinical sedation assessments, and was better than SE and RE.
Assessment of a new monitoring health technology needs an assessment of validity, preferably against a gold standard. As there is no gold standard for assessing sedation state in critically ill patients, we used clinical sedation assessments, which are a recommended standard of care in most sedation guidelines. 1 5 6 We chose the Ramsay scale because it was used routinely in our ICU at the time, and is widely used in published studies. We improved its quality as a reference standard by used trained members of research staff to make all assessments independently, which minimized interrater variability and investigator bias. We also modified the Ramsay assessments to standardize the stimuli as much as possible. The detailed event annotation files enabled potential confounders, such as procedures or other clinical events, to be accounted for in the analysis. Despite these precautions, we recognized a priori that there are limitations to the use of clinical sedation assessments as the reference standard for RI. First, inter-and intra-rater variation cannot be completely excluded. Secondly, the RI uses data from the previous 60 min of monitoring, updating over time to create a 'running average' trend reflecting patient state over the preceding 30 -60 min, whereas clinical assessments were at discrete time points. Unless clinical sedation state remained unaltered over this period, which was unlikely during routine care, the clinical scores related to a much shorter period of care. This may have underestimated discriminatory ability. We could have increased the frequency of clinical scores and averaged these over time, but this would have introduced confounding from the multiple stimulations associated with assessments. Visual inspection of data in conjunction with clinical event and sedation score data suggested that RI had face validity for most patients. The RI concept is also different from clinical scores using standardized stimulation. For example, if a lightly sedated patient is comfortable, pain free, and receiving little stimulation from other treatments, the RI may be low consistent with the fact that the patient is not in need of sedative drugs. Stimulating this patient during a clinical sedation assessment would likely suggest a responsive patient. Under these circumstances, and during natural sleep, the two measures may be discordant. However, we hypothesize that RI may be superior to clinical sedation scoring because it assesses whether the level of sedation is adequate for the patient's recent clinical status and may be more likely to lead to sedation reduction when clinically appropriate. Further studies are required to test this hypothesis. A limitation to this approach is the reliance on intact neuromuscular function, and RI has no validity during neuromuscular paralysis. However, the few critically ill patients who require paralysis, such as those with raised intracranial pressure, usually require deep sedation.
Performance of RI was superior to SE and RE calculated from the identical raw data, particularly in the cardiac surgery cohort. Our previous study found that Entropy performed poorly in general ICU patients. 16 We identified frontal EMG activations as a major confounder, which specifically resulted in an 'on-off' effect in response to intermittent stimulation and arousals that was problematic in the deeper sedation states. Similar problems with frontal EMG have been reported for BIS with healthy volunteers 21 and in the ICU. 19 Our current data confirm this problem and is illustrated by the large number of high Entropy values (both SE and RE) associated with Ramsay scores of 4-5 in both the general and cardiac surgery cohorts (Figs 1 and 2) . RI potentially reduces this issue in two ways: first, unlike Entropy, the RI was rarely in the 'awake' range when the Ramsay score was 4-6; secondly, the use of data over 60 min rather than a short sampling period created a smoothing effect that removed the problematic 'on-off' effect previously observed with Entropy. These factors suggest that RI is more likely to act as a useful indicator of deep sedation, and could reliably trigger a sedation reduction or hold in appropriate patients. Data in the cardiac surgery cohort supported this conjecture. Table 2 Mean (SEM) P K values for distinguishing a Ramsay score of 1-3 from 4-6, and 1-4 from 5 -6 for the general ICU cohort (derivation cohort; n¼30 patients) and post-cardiac surgery cohort (validation cohort; n¼15 patients). *The P K values for RE and SE in the general ICU data were previously reported. 16 We observed better performance in the cohort of cardiac surgery patients than the derivation cohort of general ICU patients, for which there are several possible explanations. First, general ICU patients tended to be studied during more constant levels of sedation, so we were less able to test discriminatory ability within individual cases. For the statistical analyses, we pooled the data and treated all the Ramsay assessments as independent observations, so we were not able to adjust for unequal distributions across the patient population. Some patients had a greater proportion of low Ramsay scores and some higher scores. This was less likely in the cardiac surgery cohort who all transitioned from deeper to lighter sedation states. Secondly, it is possible that delirium and encephalopathy, which are more prevalent in general than cardiac ICU populations, acted as confounders to the relation between clinical sedation assessment and RI. For example, a patient with encephalopathy or reduced conscious level associated with delirium might have facial EMG responses to stimulation, but not respond normally to voice or physical stimulation as part of clinical sedation scoring. Our retrospective comparison of patients considered at 'high' vs 'low' probability of encephalopathy indicated better performance in those considered at 'low' probability, which supports this conjecture. Prospective studies are needed to further explore this issue. Thirdly, discrimination between levels of clinical sedation scales is more difficult in complex general ICU patients than cardiac surgery, such that the consistency of reference standard assessments may have been less in the general patients. We intentionally chose the cardiac surgery patients to reduce these potential confounding issues, and the excellent performance of RI in this cohort was encouraging, especially the consistently low RI values associated with Ramsay levels 4 -6. Further studies are required to assess the validity of RI for general ICU cohorts and to evaluate the clinical utility of the monitor as an adjunct to clinical decision-making.
In conclusion, our data suggest that RI is a potentially useful dynamic and continuous measure of patient arousal during ICU management. Specifically, low RI values indicate a patient at increased risk of excessive sedation, which could prompt a reduction of sedative drug doses or a sedation hold. The continuous objective nature of the monitoring could reduce nursing workload and improve sedation practice, which might be both clinically and cost-effective given, the clear associations between over-sedation and adverse patient outcomes. 2 3 22 Future work needs to confirm the promising performance demonstrated in this study and explore whether RI monitoring can usefully modify nurse decision-making in relation to sedation to result in clinically relevant improvements in patient outcomes.
